Changes in gray matter volume after microsurgical lumbar discectomy: a longitudinal analysis by Michael Luchtmann et al.
ORIGINAL RESEARCH ARTICLE
published: 05 February 2015
doi: 10.3389/fnhum.2015.00012
Changes in gray matter volume after microsurgical lumbar
discectomy: a longitudinal analysis
Michael Luchtmann1*, Sebastian Baecke2, Yvonne Steinecke1, Johannes Bernarding2,
Claus Tempelmann3, Patrick Ragert4 and Raimund Firsching1
1 Department of Neurosurgery, Otto-von-Guericke-University Magdeburg, Magdeburg, Germany
2 Institute of Biometry and Medical Informatics, Otto-von-Guericke-University Magdeburg, Magdeburg, Germany
3 Department of Neurology, Otto-von-Guericke-University Magdeburg, Magdeburg, Germany
4 Department of Neurology, Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
Edited by:
John J. Foxe, Albert Einstein College
of Medicine, USA
Reviewed by:
Eric Ichesco, University of Michigan,
USA
Andreas Frick, Uppsala University,
Sweden
Tom B. Mole, University of
Cambridge, UK
*Correspondence:
Michael Luchtmann, Department of
Neurosurgery,
Otto-von-Guericke-University
Magdeburg, Leipziger Str. 44, 39120
Magdeburg, Germany
e-mail: michael.luchtmann@
med.ovgu.de
People around the world suffer chronic lower back pain. Because spine imaging often
does not explain the degree of perceived pain reported by patients, the role of
the processing of nociceptor signals in the brain as the basis of pain perception is
gaining increased attention. Modern neuroimaging techniques (including functional and
morphometric methods) have produced results that suggest which brain areas may play
a crucial role in the perception of acute and chronic pain. In this study, we examined
12 patients with chronic low back pain and sciatica, both resulting from lumbar disc
herniation. Structural magnetic resonance imaging (MRI) of the brain was performed 1
day prior to and about 4 weeks after microsurgical lumbar discectomy. The subsequent
MRI revealed an increase in gray matter volume in the basal ganglia but a decrease in
volume in the hippocampus, which suggests the complexity of the network that involves
movement, pain processing, and aspects of memory. Interestingly, volume changes in the
hippocampus were significantly correlated to preoperative pain intensity but not to the
duration of chronic pain. Mapping structural changes of the brain that result from lumbar
disc herniation has the potential to enhance our understanding of the neuropathology
of chronic low back pain and sciatica and therefore may help to optimize the decisions
we make about conservative and surgical treatments in the future. The possibility of
illuminating more of the details of central pain processing in lumbar disc herniation, as
well as the accompanying personal and economic impact of pain relief worldwide, calls
for future large-scale clinical studies.
Keywords: chronic low back pain, lumbar disc herniation, voxel-based morphometry, structural brain alterations,
gray matter volume, microsurgical lumbar discectomy
INTRODUCTION
The brain has a remarkable capacity for neuroplastic changes that
occur during the process of learning from and adapting to an
altered environment (Markham and Greenough, 2004; Adkins
et al., 2006; Draganski and May, 2008). Such changes take place
on the molecular, functional, and structural levels. In recent
years researchers have studied a wide range of pain disorders
using brain imaging techniques like voxel-based morphometry
and have discovered pain-related structural alterations of the cen-
tral nervous system (CNS) that indicate that functional as well
as structural changes of the CNS play a crucial role in mediating
acute and chronic pain disorders (May, 2011). While acute pain
is associated with structural changes occurring predominantly in
the somatosensory system, particularly in the thalamus (Apkarian
et al., 2005; Decharms et al., 2005), chronic pain is believed to be
more complex (May, 2008, 2011). The precise locations of these
pain-related areas vary considerably across the conducted stud-
ies. Nevertheless, changes in gray matter volume were frequently
observed in the frontal gyrus, basal ganglia, insula, thalamus,
anterior cingulate cortex, and hippocampus, giving rise to the
concept of the pain matrix (Smallwood et al., 2013).
Lumbar disc herniation (LDH), a common cause of chronic
pain like sciatica and low back pain (LBP) disables millions of
people and generates tremendous physical and economic strain
(Dagenais et al., 2008; Wenig et al., 2009). Sciatica is defined as
pain radiating into at least one leg in a classic dermatomal dis-
tribution. It is usually mediated by a single nerve root in the
lumbosacral spine andmay be accompanied bymotor weaknesses
or sensory deficits. Using a cross-sectional approach, we observed
in our recent study (Ashburner and Friston, 2000) (which used
the same participants—patient and control—that were used in
this study) several cortical and subcortical regions with altered
gray matter volume in the patients with chronic low back pain
due to LDH (Luchtmann et al., 2014). These changes were visible
in several brain areas believed to be involved in pain process-
ing, including the basal ganglia, the anterior cingulate cortex, and
the frontal cortex. It may well be possible that understanding
these changes of the brain that result from chronic pain due to
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LDH has the potential to enhance our understanding of the neu-
ropathology of chronic LBP and sciatica and therefore may help
to optimize future treatment. In the present exploratory study,
therefore, we investigated the gray matter volume in the brains
of patients with chronic back pain and sciatica resulting from
LDH both before and after they had undergone a lumbar dis-
cectomy. We hypothesized that regions associated with the pain
matrix would show significant changes in the volume of the gray
matter post-discectomy, and that the alterations found in our
recently published study would be at least partially reversible after
successful pain relief from the microsurgical lumbar discectomy.
PATIENTS AND METHODS
The ethics committee of the Medical Faculty of the University of
Magdeburg approved the study in compliance with national leg-
islation and the Code of Ethical Principles for Medical Research
Involving Human Subjects of the World Medical Association
(Declaration of Helsinki).
SUBJECTS
Twenty-four right-handed subjects were enrolled in the study and
were divided into two groups. The first group consisted of 12 LDH
patients (mean age 43.9 ± 12.9 years, 6 female and 6 male) with
LBP and sciatica. Each patient had been experiencing chronic
pain for at least 3 months (mean pain duration: 9.3± 5.4 month).
All patients were diagnosed, using spinal MRI, with an isolated
LDH at either level L4-5 or L5-S1. Half of these patients suf-
fered from sciatica located in the left lower limb and half from
right-sided sciatica. The spinal MRI was assessed using the usual
clinical routine by experienced neurosurgeons and neuroradiolo-
gists. The second, or control, group consisted of 12 subjects age
and gender matched to the first group. The members of this con-
trol group had no history of any chronic pain or neurological
disorders. All participants gave their informed written consent.
Prior to the MR imaging, patients and control-group volunteers
were examined neurologically. The initial mean level of back pain
was quantified using a common visual analog scale (VAS) ranging
from 0 to 10 points, where 0 points indicates no pain. The control
group reported a mean pain intensity of 0 and the neurologi-
cal examination revealed no neurological deficits. Any changes in
patients’ VAS scores were assessed using a paired t-test with an
alpha-level of 5% for statistical significance.
EXPERIMENTAL PROCEDURE
A high-resolutionMRI image of each patient’s brain was acquired
1 day prior to his or her scheduled microsurgical lumbar dis-
cectomy. All patients underwent a complication-free surgery on
the following day, at either level L4-5 or L5-S1. A second MRI
was taken 4 weeks after the patient’s discharge from the hospital
(mean time between both imaging sessions 36.8 ± 3.1 days). The
subjects from the control group were also scanned twice, with a
temporal gap of 38.0± 3.9 days between the twoMRI sessions. No
member of the control group underwent any intervening medical
procedures.
MR IMAGING
MR imaging was conducted on a 3 Tesla Siemens Magnetom Trio
scanner (Erlangen, Germany) using an 8-channel phased-array
head coil. A high-resolution anatomical dataset of the entire brain
was acquired using a T1-weighted, magnetization-prepared rapid
gradient-echo (MPRAGE) sequence (field of view = 256mm,
matrix size = 256× 256, slices = 192, slice thickness = 1mm,
repetition time = 2500ms, flip angle = 7%) resulting in an
isotropic voxel resolution of 1mm3.
MRI DATA PREPROCESSING AND ANALYSIS
The anatomical high-resolution images were analyzed using
the voxel-based morphometry toolbox [VBM8 (Ashburner and
Friston, 2000)] implemented in SPM8, which runs under Matlab.
The image data of all patients and volunteers were bias cor-
rected, segmented, and registered to the standardized Montreal
Neurological Institute (MNI) space using the segmentation
approach developed by Ashburner and Friston (2005). Gray mat-
ter (GM) was scaled using the Jacobian determinants of the defor-
mation to account for distortions during linear and non-linear
transformation (Ashburner and Friston, 2005). Subsequently, the
modulated GM densities were smoothed by an 8mm FWHM
(full-width at half-maximum) Gaussian kernel. For the statisti-
cal analysis, we excluded all voxels with a GM value below 0.2
to minimize partial-volume effects near the border between gray
and white matter. GM differences within each group were esti-
mated with a flexible factorial design using subjects and time
as factors. The individual pain level (VAS) at the time of MRI
(before and after surgery) was included as a covariate in the design
matrix to seek brain regions whose GMV alterations appears to be
related to the change of the pain after surgery. Results were family-
wise error corrected (FWE, p = 0.05) for multiple comparisons
in the context of Gaussian random field theory (Friston et al.,
1996). Additionally, a non-stationary cluster extent correction
(FWE, p = 0.05) implemented in VBM8 was applied (Hayasaka
et al., 2004). All data and images are displayed in accord with
neurological convention.
Additionally, to assess the relevance of preoperative pain inten-
sity and duration and the impact of postoperative changes of
the pain to the structural alterations found in the VBM analy-
sis, we performed regression analyses (linear regression model,
ANOVA) using preoperative VAS scores, pain duration and the
postoperative pain alteration as independent variables in an
additional step in order to predict the changes in GM volume
(dependent variable). For this purpose the corresponding voxels
were extracted using the toolbox Marsbar (Version 0.42, http://
marsbar.sourceforge.net/). The subsequent analyses were con-
ducted with SPSS (Version 21, http://www.ibm.com/software/de/
analytics/spss/).
RESULTS
LDH patients reported a preoperative mean pain intensity level
of 7.2 ± 0.9, ranging between 6 and 9. All of these patients suf-
fered from LBP and unilateral sciatica that radiated into at least
one leg in a classic dermatomal distribution (The mean preop-
erative pain duration was 37 ± 21.7 weeks). For each of them,
the pain had been accompanied by numbness and tingling for
at least 3 months. The clinical examination revealed no motor
deficit in any patient. The MRI examination of the spine discov-
ered LDH at the level of L4-5 in five patients and at the level
Frontiers in Human Neuroscience www.frontiersin.org February 2015 | Volume 9 | Article 12 | 2
Luchtmann et al. Brain alterations after lumbar discectomy
of L5-S1 in seven patients. All operations were performed with-
out any ensuing complications. The postoperative VAS score at
the time of the second MRI examination was significantly lower
(p < 0.001) than the preoperative score, with a mean value of
1.8± 1.1, ranging between 0 and 4.
ANALYSES OF GRAY MATTER CHANGES
The examination of the T1-weighted MRI data of all 24 subjects
revealed no pathological brain alterations. Figure 1 and Table 1
show the GM alterations of the group-level analysis of the LDH
patients; the group-level analysis of the control group showed no
significant GM changes of the brain. Compared to the images
taken prior to the surgical treatment, these latter images of LDH
patients showed significantly reduced GM volume in the left hip-
pocampus after lumbar discectomy. A postoperative increase in
GM volume, however, was found in the right pallidum and puta-
men, as part of the basal ganglia (see Figure 2). None of these
changes appears to be significantly related to the altered pain
intensity (covariate).
REGRESSION ANALYSIS
Table 2 shows the results of the linear regression analyses. These
results reveal a weak but significant influence of pain inten-
sity (VAS) prior to the surgical treatment on the GM alter-
ations observed after surgery (the higher the pain the higher
GM alteration). In the present data, that influence is limited to
the hippocampus. The preoperative duration of pain and the
postoperative pain alteration, however, seems to have had no
linear influence on any subsequent GM alterations.
DISCUSSION
In the present study, using voxel-based morphometry (VBM), we
observed a significant alteration in the GM volume of patients
who had undergone surgical treatment to relieve chronic low back
pain (cLBP) and sciatica resulting from lumbar disc herniation
(LDH). After correcting for multiple comparisons, we found in
these patients a region within the hippocampus where the GM
had decreased in volume after surgery. We observed an increase
in GM volume, however, in the putamen and pallidum, parts
of the basal ganglia (Figures 1, 2 and Table 1). The regression
analysis revealed evidence of a slight but significant influence of
preoperative pain intensity (VAS) on the observed alterations in
GM volume in the hippocampus. The duration of the preopera-
tive pain, however, seems to have had no linear influence on any
changes in GM volume.
In recent years, a large body of evidence has revealed structural
brain alterations associated with several chronic pain syndromes
(May, 2008, 2011; Smallwood et al., 2013) similar to those suf-
fered by patients in our study. Smallwood et al. (2013) conducted
quantitative meta-analyses of studies that revealed structural dif-
ferences between the brains of individuals with chronic pain,
including cLBP, and the brains of individuals in healthy control
groups. In those studies, the only regions in the brains of the
chronic pain sufferers that were found to have increased in GM
FIGURE 1 | Increased (A) and decreased (B) gray matter volume in
patients after surgical treatment of lumbar disc herniation (corrected for
multiple comparisons, FWE p < 0.05). The group analysis of LDH patients
showed increased gray matter volume in the right basal ganglia (putamen and
pallidum). Decreased gray matter volume was found in the left hippocampus.
Images are presented in neurological convention. Bars indicate t-values.
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Table 1 | Significant gray matter changes in LDH patients after surgical treatment.
Region Hemisphere GM MNI coordinates in mm Z-score of peak-change Cluster size k = 1mm3
x y z
Hippocampus Left Decrease −29 −16 −19 4.87 89
Basal ganglia Right Increase 23 −4 6 4.44 222
(Corrected for multiple comparisons, FWE p < 0.05).
FIGURE 2 | Absolute GM volume alterations after lumbar discectomy.
volume were the hippocampus and the parahippocampal gyrus.
It is interesting to note that, in contrast to those results, we in
fact found a decrease in GM volume within the left hippocam-
pal formation after surgical treatment. The reverse constellation
was found around the region of the basal ganglia (BG). While
Smallwood et al. (2013) observed in their meta-analyses that the
largest, most significant decrease in GM volume of chronic pain
patients was in a region including the putamen and the claus-
trum, the results of the present study show the largest increase
in GM volume in the pallidum and putamen, indicating that GM
alteration as found in the hippocampus and the BG is potentially
reversible after successful surgical treatment of the underlying
cause of cLBP and sciatica. However, since the sample size is too
small for reliable longitudinal analysis between the patients and
the control group, we cannot definitively eliminate the possibil-
ity that the observed GM volume alterations represent a further
deviation away from normal morphometry.
The hippocampus and the BG are part of the contemporary
model of the pain matrix and, as such, are believed to be crucially
involved in pain processing andmodulation. Recent evidence sug-
gests that the BG are uniquely involved in the thalamo-cortico-BG
Table 2 | Results of the regression analysis used to estimate the
influence of preoperative pain on the gray matter alterations
occurring after surgical treatment of lumbar disc herniation.
Independent variable Dependent Regression p-value
variable coefficient
GM alteration beta
Pain Region
Preoperative duration Hippocampus 0.019 0.385
Preoperative duration Basal ganglia 0.021 0.284
Preoperative intensity Hippocampus 0.180 <0.001
Preoperative intensity Basal ganglia 0.009 0.666
Postoperative change Hippocampus 0.109 0.736
Postoperative change Basal ganglia −0.387 0.214
(Significant results are highlighted in bold).
loops that integrate the motor, emotional, autonomic, and cog-
nitive aspects of chronic pain (Borsook et al., 2010). Specific
pain-induced activations in the caudate nucleus have been pro-
posed to be a central part of the pain modulatory system of
the brain. Some researchers believe that these activations may
reduce the affective components of pain and lead to its dis-
rupted processing. Subcortical structural changes in these regions
may therefore be associated with uncontrollable chronic pain
(Borsook et al., 2010). We recently observed several cortical and
subcortical regions with alterations in GM volume in patients
with cLBP due to LDH, including a reduction in the GM vol-
ume in the BG (Luchtmann et al., 2014). Smallwood et al. (2013)
likewise found these reductions in GM volume. In contrast, our
present study revealed a significant increase in the GM volume
in the BG after successful surgical treatment. The precise func-
tion of the BG in pain processing and modulation is not yet fully
understood. Nevertheless, an increase in GM volume is consis-
tent with the sustained pain relief and perceived recovery that
occur when restored feed-forward and feedback loops lead to a
recovered undisturbed affectivity. The hippocampus is critically
involved in anxiety, learning, and memory, and it is essential
in contextual conditioning and extinction (Phillips and Ledoux,
1992). Moreover, it is considered the primary brain structure
for storage and retrieval of long-term explicit memories. Until
recently, it was thought that the hippocampus was not essential
to the process of pain modulation, but an increasing number
of experimental studies have confirmed that the hippocampus
receives afferent pain impulses and plays an important role in
pain modulation (Wang, 2008). Mutso et al. (2012) hypothe-
sized that chronic pain can be redefined in terms of context
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conditioning and extinction, and that it can be viewed as a state of
continual learning through which aversive emotional associations
are constantly made with otherwise incidental events precisely
because of the persistent presence of a chronic pain. In their study,
Mutso et al. (2012) revealed multiple hippocampal abnormali-
ties in both chronic pain patients and animals and demonstrated
a potential underlying mechanism for hippocampal-mediated
behavioral abnormalities through an altered short-term synap-
tic plasticity. A reduced GMV in the hippocampal formation,
as found in our study, might be a correlate of perceived recov-
ery that occurs after successful treatment of the underlying cause
of chronic pain. The hippocampus has a decisive role in anxi-
ety processing (Ploghaus et al., 2001; Mutso et al., 2012). Hsu
et al. (2009) showed that the GMV in the left insula is inversely
correlated with trait anxiety, indicating that specific structural
alterations could be attributed to affective disturbances. Since no
trait anxiety scores were gathered in the present study, we cannot
fully exclude it as a possible confounding factor in the observed
regions.
The sample size and limited follow-up data on outcomes for
controls warrants careful interpretation of the results. However,
the study itself provides additional evidence that chronic lumbar
pain and its relief may both produce GM alterations. There
are only a few studies thus far that have examined GM alter-
ations after successful surgical treatment, particularly with regard
to treatment for cLBP. In one previous study, Gwilym et al.
(2010) showed that chronic pain and disability in patients with
hip osteoarthritis might lead to decreases of GMV within the
thalamus. Their results also show that the thalamic volume
changes reverse after hip arthroplasty, and that these reversals
are associated with decreased pain and increased function. The
authors emphasize potential implications with regard to opti-
mizing the timing of orthopedic interventions such as arthro-
plasty. In another study, Rodriguez-Raecke et al. (2013) similarly
found changes in brain GM in patients in the chronic pain state
with primary hip osteoarthritis that partially reversed when the
patients became pain free following hip joint endoprosthetic
surgery. An increase in GM volume after those successful surg-
eries was found in the same areas where a decrease in GM
volume had been observed prior to the surgery. The authors
appropriately indicate that structural brain alterations in chronic
pain patients probably reflect neither neuronal damage nor atro-
phy. Furthermore, Seminowicz et al. (2011) demonstrated that
the left dorsolateral prefrontal cortex (DLPFC), which was thin-
ner and presented abnormal cognitive task-related activity in
chronic-low-back-pain patients before treatment as compared to
the DLPFC of the control group, became significantly thicker
and presented normal activity following treatment. In contrast
to these results, we found no GMV alterations within or near
the DLPFC. This lack of consistency is difficult to explain, but
may be because different underlying neurophysiological processes
lead to pain chronification. Regarding the multifactorial etiolo-
gies of chronic pain syndromes, another previous study indicated
that the impact of cLBP on structural as well as on functional
brain alterations may vary according to the type of pain involved
(neuropathic vs. non-neuropathic) (Apkarian et al., 2004). We
suggest that a distinction in the specific etiologies and treatments
is necessary in order to assess structural and functional brain
alterations.
Our study does align with other reports where no GMV alter-
ations were found in the primary somatosensory cortex. While
short-lived pain leads to a substantial increase in the GM volume
of the somatosensory cortex (Teutsch et al., 2008), no changes
in these regions were found in patients suffering from chronic
pain. As it stands, why some people develop chronic pain syn-
dromes is unknown. It seems that chronic pain patients have
perhaps lost the ability to habituate to pain (Peters et al., 1989;
Flor et al., 2004). Some researchers explain the absence of GM
volume changes in the somatosensory cortex as stemming from
cognitive maladaptation to acute pain. They speculate that signif-
icant harmful input is no longer present and that it is the brain
that mostly drives the experience of a constant pain (Teutsch
et al., 2008). Using longitudinal brain imaging, Baliki et al. (2012)
recently reported that structural as well as functional alterations
in the brain reliably distinguished between those subjects with
subacute back pain who subsequently recovered within a year
and those for whom the pain persisted after that time period.
The present results support the theory that a timely intervention
may prevent patients from developing such cerebral maladap-
tation, restore normal brain function and structure, and lead
to sustained recovery. Most guidelines suggest that, in order to
avoid chronification of pain, surgical intervention should occur
after 6 weeks of non-operative treatment for patients with per-
sistent symptomatic LDH whose symptoms are severe enough
to warrant surgery (Schoenfeld and Weiner, 2010; Kreiner et al.,
2014). Interestingly, our results suggest that the duration of pain
prior to the surgical treatment has less influence (positive cor-
relation) on the observed GMV alterations than the intensity
of the pain. This fact underlies the complexity of the patho-
physiological processes that lead, in the end, to chronification of
pain.
Some limitations of this study should be addressed. The
sample size was relatively small, but the results are significant
after correction for multiple comparisons (p < 0.05, FWE cor-
rected). Also, the VBM analysis cannot account for the underlying
cytoarchitectonic causes of the structural alterations of the CNS.
Variable cell sizes, increased or decreased synaptogenesis, or a
changed quantity of glial cells might account for the structural
alterations found (Schmidt-Wilcke et al., 2007). Furthermore, all
patients took painkillers, which were discontinued after surgery.
Since many LDH patients use opioid analgesic substances for the
treatment of pain, the idea that chronic opioid exposure might
lead to a dose-dependent GM volume increase in the cingulate
cortex (Younger et al., 2011) is intriguing. Despite the different
anatomical regions involved with opioid exposure and despite
the fact that only one of the 12 patients involved in this study
took a low-potency opioid for a few days, medication cannot be
fully excluded as a confounding factor. It should also be taken
into account that behavioral changes resulting from the reduction
or absence of cLBP (such as enhancement of agility, engaging in
physical training, and making other lifestyle changes) and/or the
natural course of the condition may also contribute to the GM
volume alterations that were observed after microsurgical lumbar
discectomy.
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CONCLUSION
We conclude that chronic pain due to LDH can induce struc-
tural alterations of the brain that are potentially reversible after
successful discectomy. Since pain is ultimately interpreted by
the brain, studying the cortical and subcortical changes of the
brain that result from LDH has the potential to enhance our
understanding of the neuropathology of chronic LBP and sciatica
and therefore may help to optimize future conservative and sur-
gical treatment options. Specifically, the classification of specific
morphometric changes of the brain associated with the treatment
of LDH may possibly prove useful in identifying individual pre-
dictive factors in the evaluation of whether a patient is likely to
improve by non-surgical management or would instead benefit
from surgery. It is interesting to speculate whether more advanced
neuroimaging techniques and data-processing methods would
enable the identification of specific patterns of altered brain func-
tions and anatomy and thus yield additional objective diagnostic
criteria that might then guide therapeutic interventions targeting
the brain for effective individual management of LDH. The ability
to illuminate and understand more of the details underlying cen-
tral pain processing in LDH, and the potential economic impact
of such an amplified understanding, to our mind justifies future
large-scale clinical studies conducted to confirm or modify the
results that we have presented here.
REFERENCES
Adkins, D. L., Boychuk, J., Remple, M. S., and Kleim, J. A. (2006). Motor
training induces experience-specific patterns of plasticity across motor cortex
and spinal cord. J Appl Physiol 101, 1776–1782. doi: 10.1152/japplphysiol.005
15.2006
Apkarian, A. V., Bushnell, M. C., Treede, R.-D., and Zubieta, J.-K. (2005).
Human brain mechanisms of pain perception and regulation in
health and disease. Eur. J. Pain 9, 463–484. doi: 10.1016/j.ejpain.2004.
11.001
Apkarian, A. V., Sosa, Y., Sonty, S., Levy, R. M., Harden, R. N., Parrish,
T. B., et al. (2004). Chronic back pain is associated with decreased pre-
frontal and thalamic gray matter density. J. Neurosci. 24, 10410–10415. doi:
10.1523/JNEUROSCI.2541-04.2004
Ashburner, J., and Friston, K. J. (2000). Voxel-based morphometry–the methods.
Neuroimage 11, 805–821. doi: 10.1006/nimg.2000.0582
Ashburner, J., and Friston, K. J. (2005). Unified segmentation. Neuroimage 26,
839–851. doi: 10.1016/j.neuroimage.2005.02.018
Baliki, M. N., Petre, B., Torbey, S., Herrmann, K. M., Huang, L., Schnitzer,
T. J., et al. (2012). Corticostriatal functional connectivity predicts tran-
sition to chronic back pain. Nat. Neurosci. 15, 1117–1119. doi: 10.1038/
nn.3153
Borsook, D., Upadhyay, J., Chudler, E. H., and Becerra, L. (2010). A key role of the
basal ganglia in pain and analgesia–insights gained through human functional
imaging. Mol. Pain 6:27. doi: 10.1186/1744-8069-6-27
Dagenais, S., Caro, J., and Haldeman, S. (2008). A systematic review of low back
pain cost of illness studies in the United States and internationally. Spine J. 8,
8–20. doi: 10.1016/j.spinee.2007.10.005
Decharms, R. C., Maeda, F., Glover, G. H., Ludlow, D., Pauly, J. M., Soneji, D.,
et al. (2005). Control over brain activation and pain learned by using real-
time functional MRI. Proc. Natl. Acad. Sci. U.S.A. 102, 18626–18631. doi:
10.1073/pnas.0505210102
Draganski, B., and May, A. (2008). Training-induced structural changes in the
adult human brain. Behav. Brain Res. 192, 137–142. doi: 10.1016/j.bbr.2008.
02.015
Flor, H., Diers, M., and Birbaumer, N. (2004). Peripheral and electrocortical
responses to painful and non-painful stimulation in chronic pain patients,
tension headache patients and healthy controls. Neurosci. Lett. 361, 147–150.
doi: 10.1016/j.neulet.2003.12.064
Friston, K. J., Holmes, A., Poline, J. B., Price, C. J., and Frith, C. D. (1996). Detecting
activations in PET and fMRI: levels of inference and power. Neuroimage 4,
223–235. doi: 10.1006/nimg.1996.0074
Gwilym, S. E., Filippini, N., Douaud, G., Carr, A. J., and Tracey, I. (2010). Thalamic
atrophy associated with painful osteoarthritis of the hip is reversible after
arthroplasty: a longitudinal voxel-based morphometric study. Arthritis Rheum.
62, 2930–2940. doi: 10.1002/art.27585
Hayasaka, S., Phan, K. L., Liberzon, I., Worsley, K. J., and Nichols, T. E.
(2004). Nonstationary cluster-size inference with random field and permu-
tation methods. Neuroimage 22, 676–687. doi: 10.1016/j.neuroimage.2004.
01.041
Hsu, M. C., Harris, R. E., Sundgren, P. C., Welsh, R. C., Fernandes, C. R., Clauw,
D. J., et al. (2009). No consistent difference in gray matter volume between
individuals with fibromyalgia and age-matched healthy subjects when con-
trolling for affective disorder. Pain 143, 262–267. doi: 10.1016/j.pain.2009.
03.017
Kreiner, D. S., Hwang, S. W., Easa, J. E., Resnick, D. K., Baisden, J. L., Bess, S.,
et al. (2014). An evidence-based clinical guideline for the diagnosis and treat-
ment of lumbar disc herniation with radiculopathy. Spine J. 14, 180–191. doi:
10.1016/j.spinee.2013.08.003
Luchtmann, M., Steinecke, Y., Baecke, S., Lutzkendorf, R., Bernarding, J., Kohl,
J., et al. (2014). Structural brain alterations in patients with lumbar disc
herniation: a preliminary study. PLoS ONE 9:e90816. doi: 10.1371/jour-
nal.pone.0090816
Markham, J. A., and Greenough, W. T. (2004). Experience-driven brain
plasticity: beyond the synapse. Neuron Glia Biol. 1, 351–363. doi:
10.1017/S1740925X05000219
May, A. (2008). Chronic painmay change the structure of the brain. Pain 137, 7–15.
doi: 10.1016/j.pain.2008.02.034
May, A. (2011). Structural brain imaging: a window into chronic
pain. Neuroscientist 17, 209–220. doi: 10.1177/10738584103
96220
Mutso, A. A., Radzicki, D., Baliki, M. N., Huang, L., Banisadr, G., Centeno,
M. V., et al. (2012). Abnormalities in hippocampal functioning with per-
sistent pain. J. Neurosci. 32, 5747–5756. doi: 10.1523/JNEUROSCI.0587-
12.2012
Peters, M. L., Schmidt, A. J., and Van Den Hout, M. A. (1989). Chronic low back
pain and the reaction to repeated acute pain stimulation. Pain 39, 69–76. doi:
10.1016/0304-3959(89)90176-0
Phillips, R. G., and Ledoux, J. E. (1992). Differential contribution of amygdala and
hippocampus to cued and contextual fear conditioning. Behav. Neurosci. 106,
274–285. doi: 10.1037/0735-7044.106.2.274
Ploghaus, A., Narain, C., Beckmann, C. F., Clare, S., Bantick, S., Wise, R., et al.
(2001). Exacerbation of pain by anxiety is associated with activity in a hip-
pocampal network. J. Neurosci. 21, 9896–9903.
Rodriguez-Raecke, R., Niemeier, A., Ihle, K., Ruether, W., and May, A.
(2013). Structural brain changes in chronic pain reflect probably neither
damage nor atrophy. PLoS ONE 8:e54475. doi: 10.1371/journal.pone.00
54475
Schmidt-Wilcke, T., Luerding, R., Weigand, T., Jurgens, T., Schuierer, G., Leinisch,
E., et al. (2007). Striatal grey matter increase in patients suffering from
fibromyalgia–a voxel-based morphometry study. Pain 132 Suppl. 1, 109–116.
doi: 10.1016/j.pain.2007.05.010
Schoenfeld, A. J., and Weiner, B. K. (2010). Treatment of lumbar disc herniation:
evidence-based practice. Int. J. Gen.Med. 3, 209–214. doi: 10.2147/IJGM.S12270
Seminowicz, D. A., Wideman, T. H., Naso, L., Hatami-Khoroushahi, Z., Fallatah,
S., Ware, M. A., et al. (2011). Effective treatment of chronic low back pain
in humans reverses abnormal brain anatomy and function. J. Neurosci. 31,
7540–7550. doi: 10.1523/JNEUROSCI.5280-10.2011
Smallwood, R. F., Laird, A. R., Ramage, A. E., Parkinson, A. L., Lewis, J.,
Clauw, D. J., et al. (2013a). Structural brain anomalies and chronic pain: a
quantitative meta-analysis of gray matter volume. J. Pain 14, 663–675. doi:
10.1016/j.jpain.2013.03.001
Teutsch, S., Herken,W., Bingel, U., Schoell, E., andMay, A. (2008). Changes in brain
gray matter due to repetitive painful stimulation. Neuroimage 42, 845–849. doi:
10.1016/j.neuroimage.2008.05.044
Wang, H. M. (2008). Role of the hippocampus on learning and memory function-
ing and pain modulation. Neural Regen. Res. 3, 569–572.
Frontiers in Human Neuroscience www.frontiersin.org February 2015 | Volume 9 | Article 12 | 6
Luchtmann et al. Brain alterations after lumbar discectomy
Wenig, C. M., Schmidt, C. O., Kohlmann, T., and Schweikert, B. (2009).
Costs of back pain in Germany. Eur. J. Pain 13, 280–286. doi:
10.1016/j.ejpain.2008.04.005
Younger, J. W., Chu, L. F., D’Arcy, N. T., Trott, K. E., Jastrzab, L. E., and Mackey, S.
C. (2011). Prescription opioid analgesics rapidly change the human brain. Pain
152, 1803–1810. doi: 10.1016/j.pain.2011.03.028
Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.
Received: 18 October 2014; accepted: 07 January 2015; published online: 05 February
2015.
Citation: Luchtmann M, Baecke S, Steinecke Y, Bernarding J, Tempelmann C, Ragert
P and Firsching R (2015) Changes in gray matter volume after microsurgical lumbar
discectomy: a longitudinal analysis. Front. Hum. Neurosci. 9:12. doi: 10.3389/fnhum.
2015.00012
This article was submitted to the journal Frontiers in Human Neuroscience.
Copyright © 2015 Luchtmann, Baecke, Steinecke, Bernarding, Tempelmann,
Ragert and Firsching. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, dis-
tribution or reproduction in other forums is permitted, provided the origi-
nal author(s) or licensor are credited and that the original publication in
this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these
terms.
Frontiers in Human Neuroscience www.frontiersin.org February 2015 | Volume 9 | Article 12 | 7
